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Human activities change the structure and function of the environment with cascading impacts on human
health, a concept known as ‘‘planetary health.’’ Agroforestry—the management of trees with crops and live-
stock—alters microclimates, hydrology, biogeochemistry, and biodiversity. Besides the nutritional benefits
of increased fruit consumption, however, the ways agroforestry affects human health are rarely articulated.
This reviewmakes that link. We analyze the pathways through which tree-based farm and landscape change
affect food and nutrition security, the spread of infectious disease, the prevalence of non-communicable dis-
eases, and human migration in Sub-Saharan Africa. The available evidence suggests that, despite some
increased risks of infectious disease, agroforestry is likely to improve a diverse range of pressing health con-
cerns. We therefore examine the factors determining agroforestry use and identify three drivers of social and
environmental change that will determine the future uptake of agroforestry in the region.Planetary Change, Health, and Agroforestry
Human activities have radically altered the environment. Carbon
dioxide and other greenhouse gases emitted into the atmo-
sphere from energy production, agriculture, transportation, and
other sources increase ambient temperatures, shift the quantity
and timing of precipitation, and affect the frequency of extreme
weather events.1 More species are threatened with extinction
from human activities than ever before.2 Extensive areas of
land have been transformed, with croplands now covering
one-third of Earth’s surface.3 In higher-income countries, the
use of fertilizers overwhelms local and global biogeochemical
cycles, while in other areas, especially Sub-Saharan Africa,
insufficient nutrient inputs lead to degraded soil and water re-
sources.4 These trends, among many others, point toward a
planetary crisis whereby human activity threatens Earth’s life-
support systems.5
Changes to the functioning of the natural world have profound
impacts on human health.6,7 Climate change may reduce the
amount of food available by disrupting crop and livestock
growth, development, and important phenological events, as
well as in other ways.8 Furthermore, increased carbon dioxide
levels in the air can reduce the nutritional value of foods by
lowering the amount of zinc and iron they contain.9,10 Land-
use change drives the emergence and transmission of infectious330 One Earth 1, November 22, 2019 ª 2019 The Authors. Published
This is an open access article under the CC BY-NC-ND license (http://diseases by altering the ecology of pathogens, hosts, and vec-
tors.11 Clearing land and burning biomass contributes to wide-
spread air pollution, morbidity, andmortality.12 Meanwhile, reac-
tive nitrogen discharged into the air andwater from fertilizers and
fuel is associated with cancer, respiratory illnesses, and other
health risks.13 These examples provide just a fraction of the
emerging evidence of how human activities change the capacity
of the planet’s natural systems to support human health, a
concept known as ‘‘planetary health.’’14
Humans have significantly modified the landscapes of Sub-
Saharan Africa in efforts to improve welfare. This started in the
savannahs, where grasslands were burned annually to minimize
bush encroachment and improve hunting success.15 Forests
were then cut down for shelter, fuelwood, and access to fertile
soils.16,17 Recently, the emergence of megacities has resulted
in unprecedented flows of natural resources, including water
and wood, from rural to urban areas.18 Exploitation of the natural
environment has supported dramatic population growth, as well
as improvements in life expectancy and reductions in poverty for
some. Even today, the majority of livelihoods in Sub-Saharan
Africa are directly derived from natural resources, particularly
from no- or low-input agriculture and pastoralism.19 This
continued direct reliance on natural resources makes Africans’
health especially sensitive to environmental change, includingby Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1. Areal Extent of Tree Cover on Agricultural Lands and Population Living in Landscapes with Tree Cover in Sub-Saharan Africa
Tree Cover (%)
2000 2010
km2
% of Total
Agricultural Land Population (Millions)
% of PersonsWho Live in
Agricultural Areas km2
% of Total
Agricultural Land
>10 1,089,278 27.5 67.6 37 1,137,864 28.7
>20 528,602 13.3 28.2 16 582,064 14.7
>30 345,302 8.7 13.0 7 353,961 8.9
Population estimates were not calculated for 2010. Source: Zomer et al.26
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and reduce the lag time of nature-based solutions to health chal-
lenges.
Agroforestry—the integration and management of trees
and woody shrubs with crops and livestock—is a frequently
suggested solution to intertwined food-, climate-, energy-,
land-, and water-related challenges in Sub-Saharan Africa. Sev-
enty-one percent of African countries have committed to using
agroforestry for climate change adaptation and/or mitigation in
the Nationally Determined Contributions—blueprints for climate
action—they submitted to the United Nations Framework
Convention on Climate Change.21 More than half the countries
on the continent (28 out of 54) havepledged to ecologically restore
a total of 1,130,000 km2 of land, and much of this restoration will
rely on tree planting. Countries such as Kenya and Ethiopia have
taken steps to conserve and restore landscapes with trees to pre-
serve vital watershed functions. Development paradigms
including ‘‘nature-based solutions,’’ ‘‘climate-smart agriculture,’’
‘‘agroecology,’’ ‘‘sustainable intensification,’’ and ‘‘ecosystem-
based adaptation’’ all promote agroforestry.22–25 With politics
and practice aligning, agroforestry is likely to be a driver of envi-
ronmental change in Sub-Saharan Africa in the future.
Agroforestry is not only tomorrow’s solution: trees already are
widely scattered on farms and ranches, and in other managed
landscapes. Zomer et al.26 mapped the extent of trees on farms
using satellite imagery and geo-datasets and found that nearly
30% of the agricultural land in Sub-Saharan Africa had at least
10% tree cover (registering at about this level in both 2000 and
2010), with nearly 40% of the population that lives in agricultural
lands based in such areas (Table 1). It is therefore clear that agro-
forestry is a major current land use in Sub-Saharan African land-
scapes. In fact, the aforementioned may significantly underesti-
mate the current extent of agroforestry on the subcontinent due
to technical limitations in using satellite imagery to identify low-
density tree cover common in agroforestry systems27 and
because agroforestry occurs in areas not officially defined as
cropland.21 For example, silvopastoral systems that integrate
livestock and trees take place on grazing lands, and shade-
grown commodity agroforestry systems (e.g., coffee and cocoa)
often meet the formal definition of forests, and therefore may not
be captured.28
Despite the pervasive presence of agroforestry in Sub-
Saharan Africa, the diverse impacts of tree-based environmental
change on human health are rarely articulated. This is even
though it is widely known that agriculture has significant implica-
tions for the spread of infectious disease, the prevalence of
non-communicable diseases, human nutrition, and migration
of human populations.In this review, we target this space by examining how changes
in the environment due to agroforestry may influence human
health. We have considered relevant peer-reviewed literature,
starting with the current authors’ experience in the various sub-
jects covered, and complemented by Google Scholar searches.
Although not a formal systematic review, we have made efforts
to include studies illustrating both positive and negative impacts
of agroforestry on the environment and health to provide a
balanced assessment.When available, we used recentmeta-an-
alyses to frame the discussion. In brief, we found that the evi-
dence suggests that, despite some disease risks, agroforestry
can positively affect human health outcomes across a broad
range of concerns (Figure 1). Here, we first detail the evidence
of the many links between agroforestry and health. Then, given
the benefits of agroforestry and the current interest in promoting
it, we discuss the social determinants of agroforestry use in Sub-
Saharan Africa and three key drivers that will influence the ca-
pacity to improve planetary health with agroforestry going
forward.
Agroforestry-Driven Environmental Change
Agroforestry is the purposeful integration and management of
trees on farms and in wider landscapes, either through retain-
ing existing trees, planting indigenous or exotic trees, or allow-
ing trees to naturally regenerate. In Sub-Saharan Africa, land
managers practice agroforestry in nearly all climatic zones
and farming systems, from arid to humid and from extensive
livestock to intensive crop-management systems (Figure 2).
In all cases, trees modify the biophysical structure of land,
directly affecting the environment at multiple scales, from pro-
cesses occurring at the micron scale immediately beneath the
tree (e.g., soil aggregation) to those at the global scale in the
atmosphere (e.g., climate change). Knowledge of how agrofor-
estry affects climate, hydrology, nutrient cycles, and biodiver-
sity is a prerequisite to understanding agroforestry-mediated
connections between environmental change and human
health.
Climate
Agroforestry regulates field-scale microclimate including air
temperature, solar radiation, and wind speed. Changes result
from the physiological habit of trees: the shade effect and
the cooling effects of water vapor due to increased evapotrans-
piration. Change in temperature can be significant. Midday
temperatures are reduced by up to 6C under a canopy of
Faidherbia albida (faidherbia) trees in Ethiopia compared with
open fields,29 and trees also reduce temperature at field level
in Ghanaian cocoa agroforests.30 Furthermore, the presence of
trees buffers temperature fluctuations, helping to maintainOne Earth 1, November 22, 2019 331
Figure 1. Pathways and Qualitative Evaluation of the Evidence by which Agroforestry May Affect Human Health though Mediating Changes
of Climate, Hydrology, Biogeochemistry, and Biodiversity
Line thickness represents the amount of evidence available; three weights are used. Line color indicates the agreement in the available evidence, where green
suggests general agreement and purple suggests some disagreement.
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stock.31 Trees, however, do not always change microclimates
in beneficial ways. Shade can reduce, sometimes significantly,
the photosynthetic active radiation reaching crops. For example,
in semi-arid areas of Burkina Faso, unpruned trees reduced
photosynthetic active radiation by more than 50% compared
with open fields, suppressing crop yield.32 The impacts of agro-
forestry trees on climate at larger scales are positive and similar
to those of forests; trees reduce temperatures and help mitigate
climate change.33–37
Water
Trees modify soil structure directly through root growth,
reducing soil compaction and increasing water retention and
infiltration. Trees reduce water evaporation from soil by
lowering ambient temperatures, which also reduces transpira-
tion of associated crops.38 This is one of the reasons that
farms in agroforestry systems often have greater moisture
content than farms without trees.39 Conversely, trees can
compete with crops for water, depleting soil water close to
them. Small-scale impacts of trees on soil-moisture dynamics
are amplified with high tree density and fast-growing species.
Under these situations, trees increase transpiration and can
draw down water tables. When trees are absent, water runs
off the land more quickly. In Ethiopia, for instance, agrofor-
estry increased infiltration and reduced catchment runoff by
up to 81%.40 Thus, intermediate tree cover may be most
appropriate for balancing water demand and increasing
groundwater recharge.41 Trees (and forests) also link local to
regional and global water cycles through recycling of rainfall.
Precipitation, especially inland precipitation, is mediated by
the hydraulic pump of evapotranspiration and tree volatile332 One Earth 1, November 22, 2019compounds.42 At least 40% of rainfall originates from evapo-
transpiration globally. This means that trees connect different
locations, with land use in one location altering rainfall in
another.37
Nutrient Cycling
Trees influence the cycling of nutrients in agricultural fields,
farms, and surrounding landscapes both directly and indirectly.
They mine deep soil layers for nitrogen, phosphorus, and other
critical nutrients, making these available to crops through the
decomposition of their dropped biomass and root turnover.43
Leguminous trees and shrubs form symbiotic relationships
with bacteria to fix atmospheric nitrogen and accumulate it in
soils and biomass.44,45 This provides a natural fertilizer to crops
and protein-rich fodder for animals.46,47 These processes all
have the effect of increasing nutrient inputs and organic mate-
rials into agricultural systems, through litter, biomass, and root
decomposition. Such inputs have been considered crucial in
increasing land-use efficiency, particularly in Sub-Saharan Af-
rica, where farmers often cannot source and/or afford commer-
cial fertilizers, and base-nutrient levels in soils are often low.
However, tree-based systems also present some challenges
for nutrient management. Increased nutrient inputs do not al-
ways end up in the target crop or livestock and may leach into
groundwater or be lost to the atmosphere.44,48 Increases in soil
moisture and carbon content, and concomitant increases in
soil biodiversity, can increase rates of nutrient cycling; although
generally positive, this also results in higher emission rates of
carbon dioxide through soil respiration. Lastly, harvesting of
tree products from farms, especially of young woody material
from dense plantings, can export large amounts of nutrients,
leading to nutrient depletion.49
Figure 2. Select Examples and Environmental Impacts of Agroforestry in Sub-Saharan Africa
Agroforestry trees may be planted new, regenerated from seed reserves dormant in soils, or maintained after land-use change. Because land managers have
countless options of tree species and management actions (e.g., pruning, spacing, and timing), there are literally thousands of permutations of agroforestry
across the continent, with each changing the structure and function of the natural world. Photos: World Agroforestry.
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The addition of trees to agricultural landscapes results in diversi-
fication of microclimates both above and below ground, as well
as diversified strata and, potentially, vegetation phenology.
Thus, agroforestry can create new ecological niches for both
beneficial and detrimental species. Generally, agroforestry sys-
tems support higher biodiversity of birds, insects, and small ro-
dents compared with monoculture systems;50–52 however, in-
creases in biodiversity are not always associated with
increases in functional diversity or conservation of rare and/or
endemic species.53 Effects on biodiversity are borne out withmi-
croorganisms too, in that adding trees to systems increases the
diversity and function of soil biota.54 The effect of trees on asso-
ciated biodiversity appears to be determined by tree species,
arrangement, and management intensity.
In summary, agroforestry affects the environment by inter-
cepting sunlight, lowering ambient temperatures, reducing
crop evapotranspiration, increasing water use in some cases,
improving soil water-holding capacity and water infiltration,
and enhancing carbon storage and biodiversity, among other
mechanisms. A synthesis of studies conducted in Africa (mostlyaddressing field-scale effects) suggested that, in about 60% of
cases where the agroforestry-environment relationship was
investigated, trees improved the delivery of ecosystem services
(Table 2). Although most of the studies showed largely positive
impacts, the considerable number of studies that showed nega-
tive or non-significant effects of agroforestry suggests the possi-
bility of diverse, often site-specific, and unintended outcomes
when managing land with trees.
Food and Nutrition Security
There were 237 million food-insecure people in Sub-Saharan Af-
rica in 2017.55 The level of severe food insecurity that year was
9%higher than 3 years earlier. Malnutrition, including undernutri-
tion, micronutrient deficiency, and overnutrition, affects around
20% of people in Africa and is a major risk factor for both infec-
tious and non-communicable disease.56,57 We relate three ways
by which agroforestry influences food and nutrition security.
Availability
Environmental changes driven by agroforestry modify the pro-
duction conditions for crops and livestock grown in their vicinity.
Evidence suggests that this process largely increases foodOne Earth 1, November 22, 2019 333
Table 2. Impact of Agroforestry on Ecosystem Services in Africa
No. of
Studiesa
Significant Effect (%) Non-
significantPositive (+) Negative ()
Microclimate 18 61 39 –
Nutrient cycling 128 59 8 33
Water dynamics 69 51 35 14
Soil fertility 156 59 3 38
Biodiversity 25 56 16 28
Adapted from Kuyah et al.58
aTotal n = 207 studies.
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haran Africa found that trees increased crop or livestock product
yields in 68% of studies, while yields were reportedly sup-
pressed in only 18% of cases (the rest of the studies saw no
obvious effect).58 Benefits of trees were realized in every climatic
zone. The precise mechanism by which yields increased or
decreased depended on the agroecological context and agro-
forestry technology used. For example, improved fallows using
short rotation and fast-growing woody legumes increased sub-
sequent maize yields, in large part due to increased soil nitrogen.
Intercropping positively affected yields, but only in circum-
stances where trees were heavily managed; otherwise yields
went down.32,46 These results suggest that while there is a risk
of decreasing food availability due to competition for resources,
concerns may be mitigated through good management and
appropriate selection of species.
Where trees on farms and/or trees inwider landscapes increase
the production and availability of, for example, micronutrient-rich
fruits, leafy vegetables and other foods such as nuts, agroforestry
can have a significant effect in reducing malnutrition. Fruit
consumption, regardless of type, has been associatedwith signif-
icant reductions in undernutrition (nearly 2%).59 Average con-
sumptionof fruits, leafyvegetables,andnutsonthesubcontinent is
well below 50%of theWorld Health Organization’s recommenda-
tions.60 With more than 70% of fruit produced for human con-
sumption globally harvested from trees, agroforestry represents
a key opportunity to raise the level.61 Indeed, intermediate levels
of tree cover, such as those provided by agroforestry, are posi-
tively associated with fruit and vegetable consumption in Africa,62
further supporting the utility of agroforestry for improved nutri-
tion.63,64Many indigenous species, inparticular, have thepotential
to provide needed micronutrients (Figure 3). They often contain
higher levels of important minerals and vitamins than mainstream
exotic fruits. For example, vitamin C concentrations in the edible
portions of the fruit of the indigenous species Adansonia digitata
(baobab), Sclerocarya birrea (marula), and Sorindeia madagascar-
iensis (mtikiza) are all at least twice as high as for the standard
(exotic) orange that is regarded as the reference source.65 Thus,
agroforestry products and the diversity of locally available African
tree foods found in landscapes have great potential to fill nutrition
gaps and contribute to nutrient adequacy in poor rural commu-
nities, and they represent an underexploited opportunity to
improve nutrition.63,64,66
Agroforestry directly influences the availability of food through
mechanisms other than supporting crop production and the
direct consumption of tree foods. For example, leguminous fod-334 One Earth 1, November 22, 2019der shrubs are a commonly used agroforestry component in
mixed crop-livestock systems, where they provide a protein-
rich diet supplement for cattle and goats, increasing the produc-
tion of milk and meat. Calliandra calothyrsus (calliandra) leaves
fed to dairy cows provide amounts of digestible protein similar
to processed feeds, and increase milk production.67 Increased
production can fuel local consumption of animal-source foods,
a critical nutrition intervention to combat both child stunting
and wasting. Indeed, intake of animal-source foods has an
even more significant effect on reducing stunting than fruit con-
sumption, though only slightly, and its effect is most pronounced
for children aged 18–24 months.59
Access
Another way agroforestry influences food and nutrition security is
by overcoming economic and cultural barriers to sourcing nutri-
tious foods. That is, agroforestry contributes to increased access
to food. The suite of agroforestry technologies available can pro-
duce a range of products including fruits, fuelwood, and fodder
that are sold into local, regional, and international markets.68 Cof-
fee and cocoa are perhaps the best-known examples of cash
crops often, though not always, grown in agroforestry systems
by Sub-Saharan African smallholders. Their production contrib-
utes significantly to rural livelihoods and national economies. In
Ghana, for example, cocoa is grown by 800,000 smallholder
farmers and contributes 16% of gross domestic product.69 Trees
are important at the household level too, where benefits make up
a significant fraction of household incomes in multiple coun-
tries.70 Across Ethiopia, Malawi, Nigeria, Tanzania, and Uganda,
tree products provide 6% of total annual income for all rural
households and 17% for households that specifically cultivate
trees.71 Lesswell-knownAfrican tree crops, such asVitellaria par-
adoxa (shea) nuts—used in food and cosmetics globally and
collected in parklands agroforestry systems—contribute 12%
to household incomes (in terms of all produced outputs, including
for subsistence use) for poorer households in Burkina Faso in pla-
ces where other economic activities are limited.72 Although link-
ages between incomes and diets are complex, incomes are
sometimes spent to diversify diets through the purchase of fruits
and other healthy foods in Africa, aswell as other goods that posi-
tively affect household food and nutrition security.73
Often the impact of increased incomes and economic ex-
change on food and nutrition security depends on gender roles
and norms. Households do not work as a single production
and consumption unit with a single set of needs, resources, ben-
efits, and goals.74 Instead, members of the same household can
have different livelihood strategies and benefit differently from
household income streams and assets, depending on their posi-
tions within the household and their bargaining power.75 Prefer-
ences and decisions regarding which tree species are planted in
what locations are heavily influenced by gender-determined in-
terests, needs, and constraints. In both eastern and western Af-
rica, male motivations to plant and care for trees in farms are
largely conditioned by obvious commercial opportunities.76,77
Although women’s motivations are also driven by prospects of
income generation, they give higher value to the use of tree prod-
ucts as foods for family use.78,79 Traditionally, however, women
have limited rights to tree products, with their access mostly
restricted to those products normally considered to have only lit-
tle or no commercial value. For example, women in Sub-Saharan
Figure 3. Fruit Tree Portfolio for Machakos,
Eastern Kenya
Ten fruit tree species with moderate to high vitamin
A and/or vitamin C contents (plus avocado, which
provides high levels of vitamin E and antioxidants, is
available during peak food-insecure months, and is
a preferred fruit tree species of farmers) and their
months of harvest, indicated by green-shaded
boxes in a calendar. Availabilities are mapped
against months of food insecurity of the surveyed
households (HHs) (nHH = 304). Note the overlap of
months showing high food insecurity and available
fruit. Ratings of vitamin A and vitamin C contents are
given as +++ (high source); ++ (source);  (present,
but low); blank, white (no source).
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greater than for exotic fruit enterprises, the former being socially
and culturally considered a domain for women and children.80
Efforts to develop value chains or enterprises that focus on
tree products traditionally managed by women can help
empower them. Such enterprises allow women to pool labor, as-
sets, and other resources to help overcome gender-related chal-
lenges.81 That empowerment often translates to positive food
security and nutrition outcomes.82
Stability
The factors discussed above improve the production of, access
to, and diversity of foodstuffs. Availability of food, however, may
be limited by a number of other factors, including seasonality.83
Long dry periods in many locations on the continent, as well as
increased instability in weather patterns caused by climate
change, mean that the seasonality of food availability is of
increasing concern. Agroforestry addresses seasonality in at least
two ways. First, gaps in availability can be closed by planning and
planting a diversity of treeswith different harvest phenologies that
address month-on-month fruit availability and micronutrient gaps
in local households’ diets (Figure 3). Furthermore, diversification is
expected to promote greater resilience in food systems through
spreading the risk of crop failure.84 Second, the deep and exten-
sive root systems of trees make them more drought tolerant than
annual crops,meaning they canprovide food for humans and live-
stock in dry periods when other sources are not available. Tree
foods thus have the potential to complement and diversify pre-
dominantly staple-based diets in ways that meet food and nutri-
tion needs of rural households throughout the year.
Infectious Disease
Agroforestry, by delivering higher staple crop yields and micro-
nutrients, and by generating income and supporting women’s
empowerment, among other mechanisms, can have positive ef-
fects on food and nutrition security. However, agroforestry also
may present some risks to health. Changes in land use and
land cover may increase or decrease risks of infectious disease
outbreaks by influencing the distribution of disease pathogens,
vectors, or hosts.11 Although human disease ecology and epide-
miology rarely explicitly consider agroforestry systems, environ-
ments and conditions where disease emergence and transmis-
sion typically occur—at forest edges or under mixed cropping
systems85—are agroforestry. Understanding how human influ-ence on land use affects (and can mitigate) infectious disease
is of paramount importance in Sub-Saharan Africa because it
is the only region globally where deaths from infectious disease
still exceed those from non-communicable diseases.86We focus
on four pathways through which agroforestry may affect disease
emergence and transmission.
Species Abundance
Trees regulate disease organisms by creating or reducing ecolog-
ical niches. Structural changes to land use, either when land be-
comes more complex (e.g., monoculture to intercropping) or
simplified (e.g., closed forest to intermediate tree cover), affect
ambient temperature, humidity, wind speed, nutrient availability,
solar radiation, and physical structures such as soil undulations.
Creation of novel niches in turn influences the growth, reproduc-
tion, and fitnessof variousdisease vectors, hosts, andparasites.87
It is therefore logical that agroforestry may alter the population
dynamics of human disease vectors.88 For example, agricultural
development in Sub-Saharan Africa has been associated with
changes in densities, life cycles, and human biting rates of
Anopheles mosquitoes, the vector of malaria. Productivity of
Anopheles gambiae was significantly higher in western Kenyan
farmland with an average of 15% tree cover (i.e., agroforestry)
than in associated natural forest or wetland habitats.89
A. gambiae appears to use specific physical structures such as
tree holes for breeding.90 Microclimate and habitat modification
by agroforestry thus increases mosquito prevalence and the risk
of transmission to humans.91 This relationship is also borne out
by tree crops in Uganda being positively associated with local in-
cidences of malaria.92 However, these changes have not always
been linked to increases in human malaria risks.93,94
Concerns about the consequences of agroforestry develop-
ment on infectious diseases are not limited tomalaria. Woodland
patches used for grazing livestock were identified as the main
habitats for tsetse flies, driving human trypanosomiasis risks in
Zimbabwe.95 Nutrient enrichment of fresh water, which may
occur when using leguminous tree species in agroforestry sys-
tems,48 may promote increases in the abundance of human
pathogens. For example, snail populations, which are a vector
for schistosomiasis, increase in response to nitrogen and phos-
phorus in the environment.96
Biodiversity Loss
Increasing or decreasing tree cover can change community dy-
namics and tip balances in interspecific competitions. WhereOne Earth 1, November 22, 2019 335
One Earth
Reviewdiseases can be transmitted by multiple vectors (e.g., different
species of mosquito for malaria), or where hosts are engaged
in complex food webs, changes in tree cover and consequently
biodiversity can favor or suppress transmission based on result-
ing changes to ecological community structure.97 The effect will
depend on the sequence whereby species emerge or are lost as
species richness changes, because different disease vectors are
not equally efficient at transmitting pathogens.98 Some evidence
indicates that biodiversity loss increases pathogen transmis-
sion.87 This suggests that the species most likely to spread path-
ogens persist as biodiversity declines. In areas where agrofor-
estry represents a simplification of the landscape, e.g., from
tropical forests to plantations or even complex agroforests,
one might thus expect potentially greater incidence of disease
transmission (see also previous paragraph). However, recent ev-
idence also shows a contradictory relationship: increasing biodi-
versity, through forestation, is associated with increased disease
burden.99 The impact of altering biodiversity on infectious dis-
ease, therefore, seems to depend on the ecology of disease
and location. Further study is needed to better elucidate these
associations for important diseases on the subcontinent.
Spillover
Facilitating increased transmission of pathogens from reservoir
animal populations living in natural habitats is a third mechanism
by which agroforestry may contribute to infectious disease
emergence and persistence. Agroforestry, especially along the
forest margins, changes the ecology of hosts and pathogens
by altering species abundance and distribution and the connec-
tivity of landscapes. The habitat fragmentation involved typically
increases human exposure to pathogens by increasing spatial
overlap of populations, either directly through activities such as
bushmeat consumption or via transmission through livestock.
Forest loss and habitat fragmentation mechanisms have been
linked to the spread of both Marburg and Ebola viruses in Sub-
Saharan Africa.100 Recent spatial analysis of outbreaks of Ebola
virus in West and Central Africa, for example, suggests that spill-
over is more likely to occur in areas affected by forest fragmen-
tation,101 some of which could be agroforestry parcels.
The precise mechanism by which agroforestry contributes to
spillover is uncertain. For example, transmission may occur
due to activities within agroforestry at the forest margin, or agro-
forestry patches may simply act as gateways to deeper forest
areas. Regardless, complex relationships could emerge. For
example, we speculate that agroforestry could lead to increased
interaction with bats, an important host for a number of diseases.
Previous studies have identified deforestation and agricultural
practices as risk factors for exposure to bat-borne henipaviruses
in Africa.102 In Malaysia, the emergence of Nipah virus was
traced to industrial pig farms in close proximity to mango tree
farms used as a fruit source by wild bats.103 Date palm agrofor-
estry systems have subsequently become the main driver of
Nipah virus epidemics across Bangladesh.104 These examples
from elsewhere provide an indication of potential disease risks
due to agroforestry in Sub-Saharan Africa.
Human Behavior
Agroforestry and changes in agricultural practices are intricately
linked with changes in the movement, distribution, and behavior
of people.105 While long-range migration has been linked to the
spread of malaria and other infectious diseases, changes in336 One Earth 1, November 22, 2019finer-scale mobility may be linked to occupational or forest activ-
ities. For example, importation of immunologically naive individ-
uals as workers in a newly developed tea plantation in the
Kenyan highlands led to a re-emergence of malaria within the re-
gion.106 Occupational activities associated with planting and
farming fruit trees are associated with increased risks of expo-
sure to bat-borne henipaviruses in Ghana; these populations
also reported high rates of hunting and eating bats, further
increasing opportunities for zoonotic transmission.95 Develop-
ment of roads to transport agricultural products increases prox-
imity and access to wildlife habitats and has been associated
with increased bushmeat consumption.107,108 Conversely, in-
creases in socioeconomic status due to agroforestry can lead
to improvements in housing quality, infrastructure, and access
to healthcare, factors associated with decreased risk of malaria
in Africa.109
Non-communicable Disease
The prevalence of non-communicable diseases such as cardio-
vascular disease, cancer, chronic respiratory diseases, hyper-
tension, diabetes, and mental illness is increasing rapidly in
Sub-Saharan African nations, often at a greater rate than that
in higher-income countries.86,110 This trend will continue as
increasing longevity changes the demographic profile of the
population and as changes in lifestyle associated with economic
development and urbanization, including reduced activity, die-
tary change, and tobacco and alcohol use, take place.111,112
These factors threaten the development of the continent
because non-communicable disease places significant eco-
nomic burdens on households and economies through treat-
ment costs, decreased productivity, and reduced labor sup-
ply.113 These effects are disproportionately felt by the least
well off and link non-communicable disease to poverty. Agrofor-
estry may help mitigate the threat posed by the rise in incidence
of many non-communicable diseases in Sub-Saharan Africa by
directly reducing exposure. We highlight a few probable but lit-
tle-studied pathways that may affect large segments of the pop-
ulation, including healthy diets, heat exposure, air pollution, and
sources of medicines. We suspect there are also likely important
effects of agroforestry on mental health, given evidence linking
green space and forests to health in urban and rural environ-
ments in other locations,114,115 although data to draw out those
connections are not yet available.
Healthy Diets
There is a clear link between low fruit and vegetable consump-
tion and increased risks of obesity, cardiovascular diseases,
cancer, and diabetes.116 Despite this evidence, trends in most
countries in Sub-Saharan Africa are toward a nutrition transition
away from healthier options to foods with higher sugar, fat, and
caloric content, partly driven by changes in food supply and the
sometimes higher cost of healthier options.117 Agroforestry,
especially the growing of fruit trees, may result in cost-effective
interventions against diet-related disease by ensuring sustain-
able access and availability of fruits and nuts (discussed in detail
in Food and Nutrition Security). The link between nuts and sus-
tainable diets recently received significant attention. The land-
mark 2019 EAT-Lancet Commission report recommended a sig-
nificant increase in nut consumption to achieve a planetary
diet.118 Nuts are nutrient dense and can provide important
Box 1. Importance of Indigenous Fruits for Income, Nutrition, and Medicinal Purposes in Southern Africa
Consumption of fruits plays a significant role in prevention and delay in the onset of chronic degenerative diseases such as hyper-
tension, cancer, and cardiovascular diseases. In southern Africa, indigenous fruits contribute on average about 42% of the natural
food basket of rural households.125 During the lean period of low food stock, indigenous fruits can reduce the probability of falling
below the income threshold by 30% and fill food gaps with nutritious products.126,127 Besides provision of fruits, indigenous trees
provide medicines. Global trade in medicinal plants is a significant business. From 70% to 80% of the population in developing
countries depends on traditional medicine, mainly medicinal plants, for primary health care,128 partly due to the high cost of mod-
ern pharmaceuticals and health care, and partly because traditional medicines are a cultural preference.
The Miombo ecoregion, dominated by trees belonging to the family Caesalpiniaceae, and covering an area of over 3.6 million km2
across 11 countries of southern Africa, has more than 80 known species of edible indigenous fruits.129 More than 10% of the tree
species found in the ecoregion have medicinal and pesticidal properties. There is increasing evidence that climate change is likely
to alter the distribution of some indigenous fruit and medicinal trees in the region, for example baobab,130 Colophospermum mo-
pane (mopane), and Aloidendron dichotomum (quiver tree).131 Impact on fruit and medicine production of these critical genetic
resources through increased tree mortality as a result of heat stress, drought stress, and pest outbreaks is likely.132
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antioxidants; nuts such as Anacardium occidentale (cashew)
also contain high amounts of protein. Nut-based agroforestry,
such as coconut-cashew systems in Kenya and mixed crop-
macadamia systems in Malawi, may increasingly be a source
to meet demand.
Heat Exposure
Heat exposure is a significant health hazard. In hot and humid
conditions, physiological mechanisms are sometimes inade-
quate to keep the body temperature below harmful levels. Heat
stress and exposure in excess of physiological tolerance is a
risk factor for ill health andmortality from cardiovascular and res-
piratory illness, heatstroke, heat exhaustion, organ failure
including kidney damage, heat-related injuries, cognitive
decline, and mood changes.119,120 Outdoor agricultural workers
in Sub-Saharan Africa are especially vulnerable due to low levels
of mechanization that lead to extended hours of manual labor.
One study found that wet-bulb globe temperatures on farms in
Ghana peaked at 33C–38C; when coupled with physically
demanding farm labor, heat of thismagnitude can lead to serious
health consequences.121 Agroforestry may help mitigate these
dangers because trees reduce ambient temperatures signifi-
cantly and provide shade. With trends toward increased temper-
atures and reduced tree cover in some parts of Sub-Saharan Af-
rica,35 heat exposure could create greater health risks and
increased economic impacts on rural livelihoods. Thus, the
intentional integration of trees into farms may offer effective
adaptation solutions for agricultural workers.
Air Pollution
Sand and dust storms cause numerous human health problems
globally, especially in arid and semi-arid regions.122 Inhalation of
fine particles can cause or aggravate diseases such as asthma,
bronchitis, emphysema, and silicosis (lung fibrosis). In addition,
fine dust carries a range of pollutants, spores, bacteria, fungi,
and potential allergens. In Sahelian countries, there is a strong
correlation between dust loads from the Sahara and meningitis
outbreaks. Poor visibility, sand movement, and deposition as a
result of sand and dust storms also increase incidences of road
accidents and aviation hazards. Climate change projections sug-
gest that currently dusty areas of Africa are likely to become
drier,123 which will increase dust loads with potentially concomi-
tant increases in health impacts. By providing wind barriers andstabilizing landscapes, agroforestry can offer a key strategy for
preventing anthropogenic dust sources in some situations.122
Trees and shrubs in Burkina Faso reduced wind speed by upward
of 15%and sediment transport by 11%–23%.124Mobilization and
transport of dust links this issue to other continents too, as about
50% of dust produced globally starts in Africa. Despite clear evi-
dence of the relationship between exposure to dust and health
outcomes, few studies have quantified the health impact of dust
on the people of Sub-Saharan Africa or developed effective inter-
ventions to reduce exposure.
Sources of Medicine
Tree products serve key medicinal functions in Sub-Saharan Af-
rica, where literally hundreds of known tree species are used in
the pharmacopeia (Box 1). These products are a preferred
source of medicine not only for rural and poor households but
increasingly also for urban andwealthy people interested in ‘‘nat-
ural’’ products. Many of these products are currently harvested
from wild trees, often in unsustainable ways. Agroforestry offers
the opportunity for their cultivation, which could stabilize supply
and increase the sustainability of the resources themselves.
Migration
Insofar as agroforestry affects economic opportunities and envi-
ronmental conditions, it has the potential to affect migration.
Migration choices, both short and long term, are often thought
to be a household-level strategy to diversify risk. Evidence
from Mali, Ethiopia, and Burkina Faso suggests that environ-
mental hazards such as drought drive decisions to send mi-
grants to urban relatives or refugee settlements.133 Analysis of
the 2014 Gallup Poll results for Sub-Saharan Africa shows that
food insecurity drives both the desire and the decision to
migrate.134 Thus, agroforestry’s role in food and nutrition secu-
rity may affect migration. However, despite their desires, the
very poor and most food insecure may not have the means to
move. This suggests that while conventional wisdom suggests
that economic improvement is a means to reduce rural-urban
migration, the opposite may also be true. A modest increase in
income such as that provided by agroforestry products, espe-
cially when they represent wild harvesting on communal lands
as opposed to investment in the land itself, may provide the
money required to migrate rather than the incentive to remain
in place.133,134One Earth 1, November 22, 2019 337
Figure 4. Determinants of Agroforestry
Use in Sub-Saharan Africa
A ‘‘vote-counting’’ meta-analysis of the factors
that affect adoption and use of agroforestry (n =
23 studies). Adapted from data in Pattanayak
et al.141 Categories of factors that influence
adoption include demographics, markets,
resource endowments, risk, and biophysical
condition (list on left). Gray-blue and green circles
represent the number of times the factor was
insignificant or significantly associated with
adoption, respectively. Values in circles equal the
percentage of positive associations of significant
associations. It should be noted that vote-
counting treats all studies equally: it does not
provide differential weights based on an assess-
ment of the reliability of results. Therefore, the
results presented here give a general indication of
the types of determinants of adoption and the
relative direction of evidence.
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increase household resilience, reduced migration may occur.
Random climate shocks, such as floods and drought, reduce as-
sets and threaten livelihoods, intensifying households’ vulnera-
bility.135 If agroforestry reduces the severity of such an event
or even the perceptions of the event, such as when households
in western Kenya that practice agroforestry had a reduced fear of
flood and drought risk,136 it could buffer against migration. As
well as extreme events drivingmigration, slowly developing envi-
ronmental change may also catalyze population movement.
Declines in soil quality, which can occur slowly, have been linked
to out-migration in Burkina Faso, Nigeria, and Uganda, but not
necessarily in some parts of Kenya.137 Conflicting results high-
light the complexity of environment-migration relationships.
What appears to be certain is that the availability and reliability
of ecosystem services and exposure to natural hazards have
the potential to affect migration.138 Because of agroforestry’s
ability to affect practically all environmental conditions ranging
from droughts and floods to microclimates and soil quality, as
well as its potential to enhance overall household resilience, it
seems that agroforestry may be an instrument for helping to
curb desires and decisions to migrate.
When migration or forced displacement has occurred, agro-
forestry mitigates conflict and may improve mental health.
Tens of millions of displaced persons rely on tree products for
energy, shelter, animal fodder, nutrition, and income. Overuse
of these products degrades forest and land resources around
settlements and creates conflict with local populations who338 One Earth 1, November 22, 2019rely on the same resource base. These is-
sues are particularly relevant in locations
such as the Democratic Republic of
Congo, where about 4.5 million people
are internally displaced and nearly
700,000 have fled to neighboring Uganda
and Burundi. Contrary to conventional
wisdom, settlements for displaced per-
sons are not typically short term; many
often last more than 20 years, making
trees and woody shrubs a reasonable
and durable solution. Agroforestry trees,
designed in food-energy systems, in-crease green space, rehabilitate land, provide vital social and
resource safety nets, and create shade, all with cascading im-
pacts on the health and wellbeing of vulnerable displaced popu-
lations and their host communities.139 Fast-growing trees in
agroforestry systems are already being used to improve soil
fertility and for fuelwood in refugee settlements in Rwanda and
Uganda, respectively.140
Agroforestry’s Outlook
The available evidence largely suggests that scaling up the use
of agroforestry may improve planetary health in Sub-Saharan Af-
rica. Much has beenmade, however, of the challenges of turning
the latent potential of agroforestry into concrete actions. One
example highlighting this was a synthesis undertaken in 2003
of 23 studies on the determinants of adoption for agroforestry
technologies in Sub-Saharan Africa,141 which indicated that
only access to credit, extension information, price of products,
and assets widely showed positive associations with adoption
(Figure 4). The majority of other possible factors had little or con-
flicting influence. This could be attributed to a host of demo-
graphic, institutional, and environmental factors varying by
farm environment. More contemporary reviews142 and empirical
analyses143 identify similar barriers to adoption (e.g., assets and
location, as well as gender) and often report mixed evidence for
factors determining the prevalence of agroforestry. Despite such
context specificity, we posit that key social, demographic, and
environmental trends including urbanization, climate change,
and institutions will near universally affect the future of
Figure 5. Climate Change Is Expected to Affect the Future Distribution of Agroforestry Tree Species in Africa
(A) Number of combinations of global and regional circulationmodels for which species distribution models project that Faidherbia albida (faidherbia) is suitable at
a particular geographic position in the 2050s.
(B) Expected habitat changes for faidherbia in the 2050s compared with baseline climate.
Bioclimatic variables were sourced from AFRICLIM.151 Mid-21st century climates correspond to the RCP4.5 scenario. Species distribution modeling was
completed with ensemble algorithms in BiodiversityR using methods similar to those used for a climate change atlas for Central America.154,155 Polygons on
maps correspond to a convex hull surrounding spatially and environmentally thinned presence observations used for model calibrations.
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how these mega-trends present both opportunities and chal-
lenges for the future expansion of agroforestry.
Urbanization
Arguably the most significant driver of change in Sub-Saharan
Africa today is urbanization. By 2030, 50% of the population is
expected to live in urban areas. The growth of megacities such
as Lagos and Kinshasa, as well as villages and towns, is reshap-
ing demographics and landscapes.
Urban centers rely on ecosystem services from their surround-
ing landscapes and from within the city itself. Agroforestry may
enhance and/or conserve many of these. For example, trees
reduce soil erosion and remediate water pollution from agricul-
ture. This, in turn, can increase the lifespan and efficiency of ur-
ban water supplies and hydroelectric power,144 as well as infra-
structure.145 Increasing population densities, impervious
surfaces such as roadways, and encroachment into riparian
zones render urban areas more vulnerable to flooding. Agrofor-
estry in both rural and peri-urban areas of a city water catchment
can, however, enhance the storage and recharge of ground-
water, thus regulating storm-water runoff and reducing the risk
of severe urban flood events.146 Food and woodfuels, which
more than 70% of African households rely on as primary energy
source,147 can be supplied from agroforestry systems within and
around urban areas, while creating income for rural and peri-ur-
ban farmers.148 Trees create an urban cooling effect that can
reduce extreme temperature,149 which is especially relevant in
low-income built-up areas that lack air-conditioning to regulatetemperatures. Where air conditioning is used, urban cooling re-
duces energy consumption and the associated greenhouse
gas emissions. Urban trees also filter the direct and indirect
causes of non-communicable diseases and urban stressors,
including UV radiation, air pollution, and noise.
However, trees and agroforestry are not entirely positive for ur-
ban centers. Trees expose people to physical hazards (such as
fires), cause injury and property damage from falling branches,
and increase allergy-inducing pollen. Whether the benefits
outweigh the risks will depend on local conditions. However, it
seems with the range of benefits possible that agroforestry war-
rants greater attention in planning for the sustainable develop-
ment of African towns and cities in the era of rapid urbanization.
Climate Change
Trends in African climate are projected to have significant future
effects on agriculture, including agroforestry.132,150 Although
global circulation models agree on significant future increases
in temperatures across Africa, they are not in concordance on
the magnitude or direction of changes in annual precipita-
tion.123,151 Available data also indicate geographic disparities
in likely impacts. For example, an analysis of the longest and
most detailed record of precipitation (700 stations with 70 or
more years of data) shows that March-to-May precipitation dur-
ing the period 1980 to 1998 was well below the mean for most of
Africa, except in the eastern part.152 Adaptation strategies will
need to cope with expected (but uncertain) changes in the onset,
cessation, length, and frequency of wet seasons, as well as
regional differences in the changes in these patterns.One Earth 1, November 22, 2019 339
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tions and investments dictates planning for future climates now
when implementing agroforestry programs.Methods for predict-
ing tree vulnerability and location suitability are limited, how-
ever.153 Kindt154 has prepared a series of maps for 150-plus
tree species’ distributions in potential future climates using
ensemble suitability modeling approaches. In many cases, there
is a general consensus among the 18 models, with results
showing dramatic reductions in suitable areas possible within
the lifetime of trees being planted and managed in today’s agro-
forestry-based interventions. For example, a comparison of
baseline and predicted future habitat distribution maps for faid-
herbia trees suggests that an area an order of magnitude greater
will be lost (2.5 million km2) rather than gained (250,000 km2;
Figure 5) by 2050. Baseline-to-future comparisons for other
important agroforestry tree species in Sub-Saharan Africa indi-
cate a similar pattern, with overall more ‘‘climate losers’’ than
‘‘climate winners,’’ as has also been predicted for Meso-Amer-
ica.155 While agroforestry may help us adapt cropping and live-
stock systems to climate change and reduce atmospheric con-
centrations of carbon dioxide, existing evidence reinforces the
imperative to match the right tree to the right location,156 consid-
ering not only current but also likely future climate scenarios.
Institutions
Institutions—when broadly considered as social rules and norms
that govern behavior—contribute to the challenges to adoption
of agroforestry technologies. Institutions are influenced directly
and indirectly by agriculture and environmental policies, but also
by the policies and implementation approaches of other sectors
(e.g., finance and land). The policy environment for agroforestry
inmost Sub-SaharanAfrican countries can currently bedescribed
as conflicting, in part supportingand in part inhibiting adoption. In-
hibiting regulations relate to exclusion of land and tree tenure, as
well as to the commercialization of certain tree products.157 In
the Sahel, for example, women control the production, process-
ing, and marketing of shea but it is men who inherit the trees.
Importantly, reforming and strengthening institutions does not
alwaysmean that national-level policy action is the required start-
ing point. Working through traditional institutions, tied to social
norms, can often serve a catalytic role for change. The example
of Niger is informative. Here, free access to and exploitation of
trees even on (otherwise) privately managed land was once
accepted, diminishing the interest of farmers in regenerating
trees.158 Advocacy and awareness, however, created a shift in
local by-laws and justice administration, with the population
coming to more widely consider ‘‘illegitimate’’ tree exploitation
as a form of theft. Also, in 2004, national legislation in Niger was
approved that granted farmers who protected trees on their
land the right to use them economically. These measures have
contributed to the regeneration of trees on nearly 50,000 km2 na-
tionally. This andother examples demonstrate that strengthening
and aligning the institutional environment is often a precondition
for the use of agroforestry and is a critical lever for change.
Conclusion
Using agroforestry to improve planetary health in Sub-Saharan Af-
ricawill require further efforts toestablish the evidencebaseand to
turn this knowledge intopractical andpolicy actions. This reviewof
environment-agroforestry-health pathways clearly demonstrates340 One Earth 1, November 22, 2019the context specificity of outcomes, with trees likely improving
environmental conditions and human health in many—but not
all—situations and not across all outcomes simultaneously. The
potential for tradeoffs is not surprising, given the striking number
of pathways by which agroforestry appears to influence human
health (Figure 1), many of which are poorly documented.
Our synthesis demonstrates that new investigations are
needed to determine more precisely the situations whereby
agroforestry would either promote or undermine specific as-
pects of planetary health on the subcontinent. Perhaps more
importantly, however, the number and diversity of pathways
from agroforestry to health demonstrate the need for evaluating
multiple objectives at the same time. Such a research framework
is largely absent from the planetary health literature. This will
require new ways of working, including increased cooperation
among agricultural, ecological, and health experts, as well as
economists. Such partnerships have the potential to generate
benefits for each entity when, for example, they permit the
sharing of information through new spaces and channels (e.g.,
the promotion of agroforestry options through health centers
and nutrition advice built on traditional agricultural extension),
and the cross-fertilization of methods and datasets. Collabora-
tions also need to bring together policymakers, practitioners,
and the private sector to ensure the relevance, credibility, and
legitimacy of the science. The inclusion of farmers and landman-
agers in research and design processes is also critical, to ensure
their priorities and values inform questions about tradeoffs
among outcomes and constraints of operating conditions.159
Such a level of integration, among sectors and across scales,
may sound like a tall order. But there are positive examples
whereby this has already been achieved and has worked more
effectively to catalyze agroforestry-based change (e.g., agrofor-
estry policy in Rwanda and adoption in Niger). Trees have the ca-
pacity to change the environment and human lives inmanyways.
However, with the many complex and unconstrained linkages
among trees, the environment, and human health, it is imperative
that improved cooperation move efficiently toward agroforestry
in support of future planetary health.
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berg, G., Sanou, J., Benegas, L., Murdiyarso, D., Laudon, H., et al. (2016).
Intermediate tree cover can maximize groundwater recharge in the
seasonally dry tropics. Sci. Rep. 6, 1–12.
42. Sheil, D., and Murdiyarso, D. (2009). How forests attract rain: an exami-
nation of a new hypothesis. Bioscience 59, 341–347.
43. Verchot, L.V., van Noordwijk, M., Kandji, S.T., Tomich, T.P., Ong, C., Al-
brecht, A., Mackensen, J., Bantilan, C., Anupama, K.V., and Palm, C.A.
(2007). Climate change: linking adaptation and mitigation through agro-
forestry. Mitig. Adapt. Strateg. Glob. Chang. 12, 901–918.One Earth 1, November 22, 2019 341
One Earth
Review44. Chikowo, R., Mapfumo, P., Nyamugafata, P., and Giller, K.E. (2004). Min-
eral N dynamics, leaching and nitrous oxide losses under maize following
two-year improved fallows on a sandy loam soil in Zimbabwe. Plant Soil
259, 315–330.
45. Baggs, E.M., Chebii, J., and Ndufa, J.K. (2006). A short-term investiga-
tion of trace gas emissions following tillage and no-tillage of agroforestry
residues in western Kenya. Soil Tillage Res. 90, 69–76.
46. Sileshi, G., Akinnifesi, F.K., Ajayi, O.C., and Place, F. (2008). Meta-anal-
ysis of maize yield response to woody and herbaceous legumes in sub-
Saharan Africa. Plant Soil 307, 1–19.
47. Korir, D., Goopy, J.P., andGachuiri, C. (2016). Supplementation with Cal-
liandra calothyrsus improves nitrogen retention in cattle fed low-protein
diets. Anim. Prod. Sci. 56, 619–626.
48. Rosenstock, T., Tully, K., Arias-Navarro, C., Neufeldt, H., Butterbach-
Bahl, K., and Verchot, L. (2014). Agroforestry with N2-fixing trees: sus-
tainable development’s friend or foe? Curr. Opin. Environ. Sustain.
6, 15–21.
49. Shepherd, K.D., Ohlsson, E., Okalebo, J.R., and Ndufa, J.K. (1996). Po-
tential impact of agroforestry on soil nutrient balances at the farm scale in
the East African Highlands. Fertil. Res. 44, 87–99.
50. Clough, Y., Barkmann, J., Juhrbandt, J., Kessler, M., Wanger, T.C.,
Anshary, A., Buchori, D., Cicuzza, D., Darras, K., Putra, D.D., et al.
(2011). Combining high biodiversity with high yields in tropical agrofor-
ests. Proc. Natl. Acad. Sci. U S A 108, 8311–8316.
51. Bhagwat, S.A., Willis, K.J., Birks, H.J.B., and Whittaker, R.J. (2008).
Agroforestry: a refuge for tropical biodiversity? Trends Ecol. Evol. 23,
261–267.
52. Henry, M., Tittonell, P., Manlay, R.J., Bernoux, M., Albrecht, A., and Van-
lauwe, B. (2009). Biodiversity, carbon stocks and sequestration potential
in aboveground biomass in smallholder farming systems of western
Kenya. Agric. Ecosyst. Environ. 129, 238–252.
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